Treatment of small animals with radiation has in general been limited to planar fields shaped with lead blocks, complicating spatial localization of dose and treatment of deep-seated targets. In order to advance laboratory radiotherapy toward what is accomplished in the clinic, we have constructed a variable aperture collimator for use in shaping the beam of microCT scanner. This unit can image small animal subjects at high resolution, and is capable of delivering therapeutic doses in reasonable exposure times. The proposed collimator consists of two stages, each containing six trapezoidal brass blocks that move along a frame in a manner similar to a camera iris producing a hexagonal aperture of variable size. The two stages are offset by 30°and adjusted for the divergence of the x-ray beam so as to produce a dodecagonal profile at isocenter. Slotted rotating driving plates are used to apply force to pins in the collimator blocks and effect collimator motion. This device has been investigated through both simulation and measurement. The collimator aperture size varied from 0 to 8.5 cm as the driving plate angle increased from 0 to 41°. The torque required to adjust the collimator varied from 0.5 to 5 N · m, increasing with increasing driving plate angle. The transmission profiles produced by the scanner at isocenter exhibited a penumbra of approximately 10% of the collimator aperture width. Misalignment between the collimator assembly and the x-ray source could be identified on the transmission images and corrected by adjustment of the collimator location. This variable aperture collimator technology is therefore a feasible and flexible solution for adjustable shaping of radiation beams for use in small animal radiotherapy as well as other applications in which beam shaping is desired.
I. INTRODUCTION
Irradiation of small animal subjects for experimental studies has typically been performed using orthovoltage x-ray generators originally designed and built for human therapy. These units have been adapted for irradiation of animals by incorporating special shields and animal immobilization fixtures, as well as careful calibration of small single fields used to treat animals. [1] [2] [3] [4] [5] [6] However, these techniques treat relatively large tissue volumes and generally are designed for superficial tumors implanted subcutaneously on an animal's flank or thigh. Investigation of radiotherapy ͑RT͒ in deep-seated models of cancer, as well as application of radiotherapy regimens to animals that more closely resemble human treatments requires a more precise delivery of x-rays. Except for simple target verification methods employing radiographic devices, 2, 3 image-guided target delineation and radiation delivery is absent from small animal radiotherapy implementations. While conformal techniques such as intensitymodulated radiation therapy ͑IMRT͒ have been developed for human applications, 7, 8 there has been no "reverse translation" of these radiation delivery methods to small animal models. Therefore, the application of radiation in laboratory studies of cancer cannot obtain the same level of threedimensional precision that is regularly achieved in clinical radiation oncology.
There are a number of motivations for developing the means to deliver conformal radiotherapy to small animals. First, at present the most cutting edge radiotherapy techniques are developed in the clinic rather than in the laboratory. This is not necessarily a negative aspect of radiotherapy technique development as it ensures that the most recent improvements in radiotherapy technology are immediately available to benefit the treatment of human cancers. However, this state of affairs has resulted in the absence of stateof-the-art radiotherapy techniques in the laboratory. Therefore, while much care has been taken to create experimental cancer models that bear as much biological resemblance as possible to the human condition, experimental models of radiation therapy utilize techniques with significantly reduced capabilities and performance relative to those in the clinic. As an example of this, currently spontaneous and orthotopic tumor models have been promoted as experimental systems with greater relevance to human cancer than subcutaneous xenograft models. However, at present it is impossible to investigate radiation treatment of these cancers in the laboratory because of the inability to target them and spare surrounding tissues using broad planar radiation fields and lead block shaping.
In addition to being problematic in terms of the clinical relevance of experimental models, this situation also complicates the marriage of cutting edge diagnostic techniques with radiation therapy. The state of experimental and clinical radiotherapy technology is contrary to that of diagnostic and molecular imaging, where advances are typically made in experimental settings and are then translated to clinical use. Because conformal radiotherapy techniques are not available for use with small animal tumor models, researchers have been unable to investigate novel therapy strategies, such as prescribing radiotherapy plans based on new molecular imaging techniques or combining conformal radiotherapy with emerging molecular-targeted chemotherapeutic agents. Therefore, the construction of a small animal conformal radiotherapy system would accelerate the development of experimental as well as clinical diagnostic and therapeutic regimens integrating the most recent advances in each field.
A clinical Gamma Knife unit has been employed as a high precision irradiator for the treatment of experimental models of eye and brain lesions, 9 but this technique is unlikely to prove widely useful because of the cost and associated clinical responsibilities of such a unit. At present, several groups are pursuing the development of systems dedicated toward clinically relevant conformal radiotherapy of small animals. At the 2006 meeting of the American Association of Physicists in Medicine, preliminary results were presented by groups from Johns Hopkins University, [10] [11] [12] Princess Margaret Hospital, 13 and Washington University 14,15 concerning construction of small animal conformal irradiators and associated hardware and software. Each of these systems holds promise for bringing conformal radiotherapy to the laboratory, but none have reached a level where they can be applied in experimental studies.
An attractive solution for precision irradiation of small animals is to add the capability to an existing small animal microCT scanner. These devices are available commercially and deliver x-rays to a subject for the purposes of measuring x-ray attenuation and reconstructing high resolution, threedimensional images of the internal structure of the animal. This approach, therefore, leverages existing technology and accelerates the implementation of small animal radiotherapy. The x-ray tubes in use in commercial microCT scanners are sufficiently robust as to provide an x-ray beam that can generate therapeutic radiation doses in tissue over the course of reasonably short exposures. The missing element needed to use a microCT scanner as a radiotherapy unit is a means of collimating the x-ray beam so as to selectively irradiate a desired radiation target. In this paper we describe a novel device for collimating the x-ray beam within a microCT scanner to a pseudocircular profile of arbitrary width. Design of this instrument is discussed, including a rigorous analysis of the forces required to manipulate the collimation apparatus and the spatial x-ray transmission profiles expected. We then demonstrate integration of the unit on a microCT scanner gantry, and measure the transmission profiles of the collimator and compare the experimental results with those predicted previously. Finally, we describe several potential applications of this hybrid microCT/RT device.
II. METHODS AND MATERIALS

II.A. Design of a variable aperture collimator
A schematic representation of the variable aperture collimator and a photograph of the manufactured device as seen from the top are shown in Figures 1͑a͒ and 1͑b͒ . Six trapezoidal leaded brass blocks are fitted onto a hexagonal frame by means of a groove in each block. In order to produce a hexagonal profile, the blocks have interior angles of 60°and 120°. By applying a force to one of the blocks to move it along the frame, the force is translated through the contacts between the blocks and results in motion of all six, resulting in a change in the size of the central aperture, as denoted by the width W measured at the plane of the collimator. This driving force is provided in this implementation by a slotted plate mounted adjacent to the collimator plate, which upon rotation effects motion of the blocks by acting on pins mounted in three of the six collimator blocks. The driving plate is fitted with a sprocket so that it may be driven by a rotational motor through a chain. In order to produce a more circular transmission profile, the complete collimator assembly consists of two concentric sets of frames and blocks, mounted at an offset of 30°so as to produce a dodecagonal beam profile. This geometry also has the advantage that radiation bleed through a seam between adjacent collimator blocks in one stage will not pass through the same seam in the next stage, reducing transmission through the device. The total assembly, therefore, consists of five plates, two encom-passing the collimator frames and blocks, two containing the slotted driving plates and sprockets, and one serving as a central mounting plate.
Figures 1͑c͒ and 1͑d͒ show schematic cross sectional representations of the collimator within the context of a scanner gantry containing an x-ray source and detector. The prototype collimator was designed for installation on the gantry of a custom RS120 microCT scanner ͑GE Medical Systems, Milwaukee, WI͒, manufactured for this project by GE Medical Systems and bearing a higher capacity x-ray tube than the standard RS120 as well as a mounting bar on the gantry between the x-ray tube and subject bore for attachment of the collimator. This configuration determined that L 1 = 17.4 cm, L 2 = 20.4 cm, L SG = 26.4 cm, and at the minimum magnification ͑the detector closest to the subject͒, L SD = 41.8 cm. In order to ensure full passage of the x-ray beam to the detector during CT acquisitions, W max is required to be at least 5.25 cm at the plane of the collimator. This provides a lower limit for the width of the collimator blocks. For this application, our device was overdesigned so that L B was selected to be 4.24 cm corresponding to a W max of 8.48 cm, and the block thickness t was chosen to be 0.97 cm. Because of the adjacent locations of each of the two collimator frames along the path of the beam, it is necessary to adjust their aperture sizes so that there is a fixed ratio between the size of the upper ͑1͒ and lower ͑2͒ collimator openings. This ratio is given by L 1 / L 2 = 0.852. In order to achieve this using identical collimator geometries for both the upper and lower frames, the radial location r p of the pin from the center of the collimator can be increased in the lower collimator assembly relative to the upper. In this situation, a fixed rotation of the plates driving the pins results in a larger linear travel distance for the lower collimator pins, causing the lower collimator to open and close faster than the upper collimator and providing the desired difference between the collimator apertures. The relationship governing pin location in each of the plates is
II.B. Collimator mounting within a microCT scanner
The collimator assembly was mounted in a custom RS120 microCT scanner ͑GE Medical Systems, Milwaukee, WI͒. The central plate of the assembly was bolted onto a custom mounting bar on the gantry between the x-ray source and subject bore. In addition, a frame was constructed to hold the stack of plates in the assembly together, which mounts vertically on the gantry crossbar.
II.C. Analysis of collimator motion
The motion of the collimator leaves induced by rotation motion of a slotted driving plate was studied in order to understand the geometric characteristics of the system as well the forces required to adjust the collimator aperture. The aperture size W of a collimator frame quantified at the collimator plane as shown in Fig. 1͑a͒ was compared as a function of for collimator assemblies with pin positions ͑p x , p y ͒ of ͑4.92 cm, 2.12 cm͒ and ͑5.77 cm, 2.49 cm͒. These comparisons were performed both through geometric simulations of the collimator assembly as well as by manual measurement of the collimator aperture size as a function of . was defined as the angle between the line passing through the collimator center and a rotator pin, and an arbitrary ray as shown in Fig. 2͑a͒ . This geometry was chosen so that varied from 0°͑collimator fully closed͒ to 41°͑collimator fully open͒. In order to analyze the forces acting on the collimator assembly, the force transmitted from the driving plate to the pin mounted in a collimator block was decomposed into components F push directed along the direction of permitted block motion ͑parallel to the frame segment on which the block's groove rides͒ and F fric perpendicular to the motion direction as shown in Fig. 2͑b͒ . These components therefore represent the force that is useful for moving the blocks and the force that contributes to friction, respectively. The magnitudes of these components normalized to the force applied to the pin by the driving plate were compared for two different pin locations r p as a function of driving plate angles . This theoretical evaluation of the forces within the collimator setup was then compared to laboratory measurements of the actual implementation. A torquemeter was used to measure the torque required to initiate collimator motion over a range FIG. 1. Design of a variable aperture collimator. A schematic of the collimator is shown in ͑a͒, depicting the six trapezoidal blocks of width L B moving along a hexagonal frame. The collimator aperture size is denoted by W. Three of the blocks are fitted with pins at locations ͑px , py͒ that may be acted upon by a driving apparatus in order to adjust the collimator aperture size. A photograph of the manufactured device is shown in ͑b͒. The final two-frame assembly generated for use in a microCT scanner is shown schematically from two directions in ͑c͒ and ͑d͒. The distances from the source to each collimator stage are given as L1 and L2. Other measurements include the source-detector distance L SD and the block thickness t. The x and y axes are oriented as shown.
of values. These measurements were collected independently for both the upper ͓͑p x , p y ͒ = ͑4.92 cm, 2.12 cm͔͒ and lower ͓͑p x , p y ͒ = ͑5.77 cm, 2.49 cm͔͒ collimator stages.
II.D. Simulation of x-ray transmission profiles produced by the collimator assembly
A program was developed in Cϩϩ to calculate the transmission along x-ray paths through the collimator, simulating the x-ray tube as a point source and considering a range of collimator aperture sizes. The geometries used for these simulations were matched to the experimental situation of a collimator assembly mounted on the gantry of the RS120 microCT scanner as discussed above. Calculations were performed considering driving plate angles of 0°, 0.7°, 3.7°, 7.4°, and 11.3°, which from geometric measurements correspond to beam sizes of 0, 0.3, 1.2, 2.4, and 3.6 cm at isocenter, respectively. Transmission calculations were performed using the attenuation coefficient of brass ͑65% copper, 35% zinc͒ from 40 keV and 120 keV ͑42.4-2.8 cm −1 , respectively͒, combined using a weighted average typical of the x-ray spectrum emitted from a tube operating at 120 kV. After calculating the transmission along rays of different orientations traveling through the collimator, a simulated two-dimensional transmission profile was obtained at the isocenter plane. The penumbra associated with this profile, defined as the linear perpendicular distance between the points of 95% and 5% transmission at the edge of the collimator aperture, was then calculated at each point along the curve enclosing the aperture. The mean and standard deviation of these penumbra measurements were used to characterize the penumbra of the apparatus.
II.E. Measurement and analysis of x-ray transmission profiles
Projection images were obtained using the microCT detector with the driving plate set at angles of 0°, 0.7°, 3.7°, 7.4°, and 11.3°, corresponding to beam sizes of 0, 0.3, 1.2, 2.4, and 3.6 cm at isocenter, respectively. The x-ray tube was operated at 120 kVp and 50 mA, the parameters producing the maximum dose rate that will therefore be used for radiation treatments with this system. The transmission profiles obtained were then compared in terms of size and penumbra width to those simulated as described above. In addition, a MATLAB routine was written to fit two hexagons to each measured profile. This procedure therefore separated the contributions of each of the collimator stages to the measured transmission profile. The sizes of the fit hexagons for a given collimator aperture were compared to assess whether each stage was properly adjusted to fit the divergence of the x-ray beam. The centers of each hexagon for a given collimator aperture were then compared to assess whether the collimator frames were aligned relative to one another and to the x-ray source.
III. RESULTS
The collimator apparatus proposed previously was constructed within the machine shop of the Department of Radiation Oncology at Stanford University. The final assembly included two hexagonal aluminum frames mounted on opposite sides of a central aluminum plate that was fitted with bolt holes for subsequent attachment to the microCT gantry. Six trapezoidal brass collimator blocks were mounted on each of the hexagonal frames. On top of each of these collimator block arrays, a slotted driving plate bearing a sprocket was attached. The entire assembly was held in place by a vertical frame that compressed the structure through low-friction graphite contact points.
Incorporation of the unit with the RS120 microCT scanner is shown in Fig. 3 . The original scanner gantry is depicted in Fig. 3͑a͒ showing the mounting bar placed between the central subject bore and the x-ray tube at bottom for placement of the collimator apparatus. Figure 3͑b͒ shows the gantry after attachment of the device. The central plate of the collimator assembly was bolted onto the mounting bar of the gantry, with a frame holding the five plate assembly together bolted vertically onto the crossbar. Two rotational stepper motors responsible for adjusting the collimator plates are mounted at left in Fig. 3͑b͒ in custom-built braces, and are connected to the main assembly via a sprocket and chain mechanism. The power supply and control board for these motors are mounted on the left of the gantry as seen in Fig.  3͑b͒ . A spare 115 VAC electrical line on the gantry was used to feed the motor power supply, while an available serial FIG. 2. Adjustment of a variable aperture collimator by a slotted driving plate. As shown in ͑a͒, a driving plate is fitted onto each collimator stage so that the pins in three of the blocks fit into its slots. The orientation of the driving plate is quantified by the angle q, which is defined such that it varies from 0°͑collimator fully closed͒ to 41°͑collimator fully open, as shown͒. The forces transferred from the driving plate to the blocks are depicted in ͑b͒. The applied force F may be decomposed into the force along the direction of block motion ͑F push ͒ and the force perpendicular to block motion ͑F fric ͒.
interface on the gantry was used to connect the motor control board to a PC. The motors are wired in parallel so that adjustments to the aperture size will be performed on both collimator plates in tandem. The weight of the complete assembly is approximately 35 lbs, including the five plate collimator apparatus, motors, chains, and associated mounting hardware. This additional weight on the gantry is offset by disc weights added to the two gantry counterbalances seen at the upper right and left of the gantry in Fig. 3͑a͒ , to ensure smooth rotation of the gantry. MicroCT acquisitions of a postmortem mouse before and after installation of the collimator demonstrated no significant reduction in image quality because of the presence of the collimator.
III.A. Analysis of collimator motion
Evaluation of operation of the collimation device through both simulation and measurement is summarized in Fig. 4 . Change in aperture sizes as a function of driving plate angle for collimators with two different driving pin locations is shown in Fig. 4͑a͒ . By adjusting the pin locations, a given rotation of the driving plate produces an unequal adjustment in the size of collimator apertures driven by pins at different locations. In this implementation the ratio between the upper and lower collimator apertures is 0.852 at all driving plate angles examined, corresponding to the divergence of the beam between the location of the two collimator frames as discussed previously. The measured data agreed to the theoretical predictions to within 2.8%, while the measured ratio between the aperture sizes of the two collimator plates was 0.896± 0.107. The forces transmitted from the driving plate to the pin to the collimator blocks over this range of motion are analyzed in Fig. 4͑b͒ . When a force is applied to the pin through the driving plate, it is evident from the plot that the component force that is parallel to the direction of motion of the block is at least 90% of the applied force at all driving plate angles. This is true of the setups with both pin locations. However, the force orthogonal to the direction of block motion can be as much as 25%-40% of the magnitude of the applied force. The sign of this component force shifts over the range of driving plate angles, causing this frictional force to push the block away from the aperture at low and to pull the block toward the aperture at higher values of . Because of this directional change the frictional force exhibits a null point between = 15°and = 20°, at which the applied force is parallel to the direction of block motion.
Experimental evaluation of collimator motion is shown in Figs. 4͑c͒ and 4͑d͒ . Measurements of the driving plate torque needed to induce collimator motion ͑overcome static friction͒ indicate that more force is needed at large values of . This finding is consistent between experiments measuring collimator opening ͑increasing ͒ and closing ͑decreasing ͒. No significant differences are noted between the torques needed to induce motion in the lower and upper collimator assemblies. The maximum torque required within this apparatus was noted to be 5 N · m, although all but one of the measurements acquired needed a torque of less than 3 N · m. Figure 5 shows the results of simulations and measurements of the collimator's transmission properties. The simulated data were converted into a map of log transmission at the isocenter plane and are shown in the central row of Fig.  5 . By adjusting the aperture sizes of the upper and lower collimator frames, the beam profiles produced at isocenter by each collimator stage are of equal width. A minimal penumbra ͑Ͻ0.2 mm͒ was observed for the simulated data for all collimator apertures studied in this simulation. Measurements of transmission along rays passing through one collimator but not the other indicated that a single stage of the proposed collimator attenuates a 120 kVp x-ray beam by approximately 3 logs. Rays passing through both collimators exhibited Ͼ5 logs of attenuation.
III.B. Analysis of x-ray transmission profiles
Laboratory measurements of the transmission profiles produced by the variable aperture collimator are shown in the bottom row of Fig. 5 . The isocenter beam profile widths produced at these driving plate angles are tabulated in Table  I and agree with those predicted by the simulations described previously. The observed penumbra was considerably larger than that observed in the geometric simulations. When the driving plate was fully closed ͑ =0°͒ a spot of −1 log transmission was observed, measuring 0.60 mm at isocenter.
Some asymmetry was noted in the transmission profiles acquired on the scanner. To evaluate the extent of this asymmetry and its implications for collimator alignment relative to the source, two hexagons were fit to the measured transmission profile. This process is demonstrated in Fig. 6͑a͒ for a transmission image acquired with the collimator aperture set at 3.6 cm ͑ = 11.3°͒. The fitting process succeeded for all nonzero collimator apertures except = 0.7°, where the features of the polygonal profile measured at the detector could not be reliably fit. The size of the pair of hexagons at the three nonzero aperture sizes studied agreed within 2.36% ͑ = 3.7°͒, 1.15% ͑ = 7.4°͒, and 0.35% ͑ = 11.3°͒, while the angular offset between the hexagons was close to the expected 30°at 30.4°͑ = 3.7°͒, 30.4°͑ = 7.4°͒, and 30.5°͑ = 11.3°͒. However, an offset between the centers of the hexagons was noted at all nonzero aperture sizes. The offset in x and y as defined in Figs. 1͑c͒ and 1͑d͒ at the isocenter   FIG. 3 . Installation of a variable aperture collimator assembly within a microCT scanner. The gantry of the GE RS120 microCT scanner is shown in ͑a͒, including the custom mounting bar between the subject bore and the x-ray source. A head-on view of the installed collimation device is shown in ͑b͒, including the motors mounted on the gantry to drive motion of the driving plates and the frame holding the unit together. A tilted view is shown in c allowing observation of the mount of the collimator on the gantry bar.
plane was measured to be ͑0.67 mm, 0.39 mm͒, ͑0.72 mm, 0.43 mm͒, and ͑0.71 mm, 0.40 mm͒ for = 3.7°, 7.4°, and 11.3°, respectively. Mechanical measures of the alignment of the two collimator stages relative to each other verified that they were aligned to within 0.1 mm, suggesting that the observed offset was due to misalignment of the collimator assembly with the x-ray source on the scanner gantry. Manual adjustment of the position of the collimator device on the mounting bar by 1.5 mm in x and 0.5 mm in y resulted in the improved correspondence between the profiles produced by each collimator stage as shown in Fig. 6͑b͒ . The collimator was subsequently fixed in this position.
IV. DISCUSSION
Preliminary evaluations of a GE RS120 microCT scanner retrofitted with a Dunlee PX1456 x-ray tube have demonstrated that this system can achieve a dose rate of approximately 2 Gy/ min at isocenter. 16 In addition, the beam produced by the x-ray tube, operated at 120 kVp and filtered with 4.1 mm of aluminum, has an exponential depth dose curve in water with a 50% penetration depth of 4.7 cm as reported by Fetterly et al. 17 These findings suggest that the system may be a useful platform for image-guided conformal radiotherapy for small animal models. A fast ͑3 min͒, lowdose ͑15 cGy͒ CT scan could be acquired and used to identify a tissue region within the subject for treatment with a longer ͑1 -15 min͒, high-dose ͑2 -30 Gy͒ radiotherapy sequence. What is missing from current technology is a means of restricting the beam so as to focus radiation on a specific tissue volume during the delivery of radiotherapy. With such a mechanism in place, one could deliver conformal radiation treatments by directing narrow radiation beams through a subject from multiple angles in a three-dimensional conformal or intensity modulated fashion.
We have developed and constructed a custom variable aperture collimator for this purpose. The collimator design consists of a six trapezoidal leaded brass blocks mounted on a rigid frame. By driving motion of the blocks along the frame, the size of the central hexagonal aperture can be adjusted, from fully open ͑13.8 cm at isocenter, allowing full passage of the beam for microCT acquisitions͒ to fully closed. Motion of the collimator blocks is achieved by applying force to the blocks via embedded pins, using a rotating driving plate with corresponding slots. As two hexagonal collimators are employed to produce near-circular beam profiles, the aperture of each stage has been adjusted so that each stage fits the divergence of the x-ray beam over all possible aperture sizes as demonstrated in Fig. 4͑a͒ . While design choices have been made in the current implementation so as to effectively integrate the device with a specific microCT scanner, the "camera iris" design of the collimator is adaptable to a number of applications. The thickness and/or material of the blocks may be altered in order to provide increased attenuation for higher energy radiation beams, facilitating use of this technology in human radiotherapy systems.
Motion of the collimator blocks has been evaluated through theoretical analysis as well as experimental measurements. Decomposition of the force applied to the pin-bearing blocks by the driving plate suggests that while the component of force along the direction of permitted motion for a block is at least 90% of the applied force over the entire range of collimator motion, the force perpendicular to this "useful" force can vary from 0% to 40% of the applied force. This latter force results in friction between the block and the 6 . Determination of collimator alignment. The measured transmission profile acquired with the collimator set at = 11.3°͑aperture size 3.6 cm͒ is shown in ͑a͒, with the hexagons fit to the profiles of the upper ͑dashed͒ and lower ͑solid͒ collimator frames superimposed. A misalignment between the profiles is apparent. This misalignment was corrected by adjustment of the collimator position in x and y by 1.5 mm and 0.5 mm, respectively, after which the transmission profile shown in ͑b͒ was acquired.
frame along which it rides. Observations of the force required to initiate collimator motion demonstrated an increase in the required torque as the driving plate angle increased towards its maximum value of 41°. It is evident from the plots of Fig. 4͑b͒ that this may be partially explained by a reduction in the ratio of F push to F fric at large . However, this is not a complete explanation as this ratio is also reduced at small values of , but no corresponding increase in the torque needed to move the collimator was observed in this regime. This discrepancy may be due to additional forces present in the collimator assembly, including reactive forces between blocks, friction between the block and the frame due to the weight of the block, and sag of the blocks towards the center of the assembly because of rotations around their contact point with the frame. A rigorous treatment of these forces is beyond the scope of the current analysis. However, it may be emphasized that the measured maximum torque required to move the collimator blocks was 5 N m. Torques well beyond this value can be achieved by commercial motors compatible with this collimation device, therefore friction is not a significant obstacle toward use of this technology in this implementation. Using commercially available motors, we estimate that we can achieve aperture full width rates of change on the order of 0.6 cm/ s. This rate would allow adjustment of the collimator from fully open ͑8.48 cm full width͒ to fully closed in 12.8 s, and would facilitate shifting between apertures relevant for small animal radiotherapy ͑0.1-1.0 cm͒ in 0.2-1.5 s. This unit has been constructed and installed in the microCT scanner using counterweights to properly balance the gantry and ensure smooth rotation. CT scans acquired before and after collimator placement demonstrate that the collimator does not adversely affect CT image quality either by preventing full passage of the beam or by disturbing the rotational accuracy of the gantry. Simulated and measured transmission profiles of the collimated microCT system demonstrate good agreement, as seen in Fig. 5 . The penumbra measured experimentally is significantly larger than that predicted by geometric analysis of the collimator, suggesting that the penumbra is due to x-ray scatter, a nonpoint x-ray source, and other factors not considered in the simulation. Preliminary Monte Carlo simulations of the collimator and microCT beam are in agreement with the experimental results shown here, suggesting this is the case.
The size of the experimentally determined penumbra varied between 8.3% and 15.8% of the aperture size. These findings are currently being evaluated in the context of the sharpness of the dose distributions that may be delivered with this device. However, it is useful to note that for the small radiation targets expected for small animal targets ͑1 -5 mm at isocenter͒, the penumbra of an appropriately collimated beam as suggested by this analysis will be 0.16 to 0.8 mm. Therefore, while the relative size of the penumbra increases slightly as the collimator aperture becomes more narrow, the absolute size of the penumbra for small apertures is still small. Moreover, the rate of increase of the relative penumbra per a change in the collimator aperture is very small ͑7.5% increase in the relative penumbra over a 14-fold change in the aperture size͒. These effects are therefore not expected to impose significant limitations on the ability of the system to precisely deliver radiation to small tissue volumes. Furthermore, no noticeable transmission through the junctions between the blocks was observed on the transmission images. This is probably a product of the combination of two angularly offset collimator stages, so that transmission through a junction in one stage does not pass through a junction in the next. With the collimator completely closed, a small spot was observed on the detector measuring approximately 0.6 mm at the isocenter. This serves as an estimate of the minimum target size achievable with this system. At present we are implementing a two-axis translation stage on the scanner bed. In conjunction with the existing one-dimensional translating bed, this apparatus will allow targets at arbitrary locations within a small animal subject to be moved to the isocenter of the system for treatment with radiotherapy.
During the course of these experiments it was observed that the profiles of the individual collimator stages projected onto the isocenter plane were not in alignment. Further analysis suggested this was attributable to a misalignment between the central axis of the collimator assembly and the central axis of the x-ray beam. A MATLAB routine was developed to evaluate the extent of this misalignment and determine the x and y offset of the collimator assembly. This type of analysis was used to properly align the collimator with the x-ray source. As radiotherapy capabilities are added to the microCT system, this type of quality assurance will be useful in ensuring the system is functioning properly and that the beam profiles produced by the system are in agreement with those models used for dosimetric calculations in the treatment planning process.
The proposed mechanism of collimating kV x-ray beams has therefore been shown to produce beam profiles of arbitrary pseudocircular shapes. This technology has been adapted for use in a commercial stereotactic radiotherapy system to permit the use of beams of varying profiles without having to swap fixed aperture collimators during a treatment. We have evaluated its use within the context of delivering conformal radiotherapy to small animals using a kV microCT scanner. Further research is being conducted to evaluate the performance of the collimated microCT system in terms of dosimetry, tube output, and control when operated using a long-exposure radiotherapy protocol.
